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UHIHUHQFH VDPSOHV DQG 12F GXULQJ WKH LQFXEDWLRQ 5HIHUHQFH
FRQFHQWUDWLRQV DUH PHDQ YDOXHV   VWDQGDUG HUURU 12F GDWD DUH WKLUG TXDUWLOH
FRQFHQWUDWLRQVZLWKPD[LPXPYDOXHVLQSDUHQWKHVLV
 &RQFHQWUDWLRQP0
6LWH/DEHO 1+UHIHUHQFH 12FUHIHUHQFH 12FWLPHVHULHV
&OD\   %'/%'/
&OD\   %'/%'/
&OD\   %'/%'/
6DQG   
6DQG   
6DQG   
&KDON   
&KDON   %'/
&KDON   %'/
%'/GHQRWHVEHORZGHWHFWLRQOLPLWPPRO12F/


7DEOH61ODEHOOLQJRI1+12FDQG1SRROVPHDVXUHGGXULQJR[LFLQFXEDWLRQVZLWK
1+DQGSUHGLFWHG1ODEHOOLQJRI1UHVXOWLQJIURPGHQLWULILFDWLRQRUDQDPPR[(DFK
WLPHVHULHVH[SHULPHQWFRQVLVWHGRIPHDVXUHPHQWVGDWDUHSUHVHQWWKHPHGLDQSURSRUWLRQRI
1ZKHUHDSURSRUWLRQRI 1
 0HDVXUHG  0RGHOOHG
6LWH/DEHO 1+ 12F 1  'HQLWULILFDWLRQ
1
$QDPPR[
1
'1
 
Time series experiments with 15NOF- that met model criteria† 
6DQG       
       
       
6DQG       
       
6DQG       
&KDON       
&KDON       

Time series experiments with 15NOF- that did not meet model criteria
6DQG       
6DQG       
       
&KDON       
&KDON       
&KDON       
'1LVWKHGHYLDWLRQLQWKHPHDVXUHG11SRROIURPWKHPD[LPXPPRGHOSUHGLFWLRQ7KH
1ODEHOOLQJ RI1 LQ WKH WLPH VHULHV H[SHULPHQWV WKDWPHWPRGHO FULWHULDZHUHZLWKLQ WKH
ERXQGVRI WKHPRGHODQG'1 LV WKHUHIRUHQRWDSSOLFDEOH )RUDVXFFHVVIXOPRGHO12F
PXVWEHSUHVHQWLQWKHVOXUU\DQGWKH1ODEHOOLQJRIWKHSURGXFHG1PXVWIDOOEHWZHHQWKH
DQDPPR[DQGGHQLWULILFDWLRQHQGPHPEHUVSee³&RQWULEXWLRQRIDQDPPR[DQGGHQLWULILFDWLRQ
WR1SURGXFWLRQLQR[LFVOXUULHV´EHORZIRUPRUHLQIRUPDWLRQ

 


7DEOH6$PELHQW GHQLWULILFDWLRQ DFWLYLW\ DFURVV ULYHUV RI FRQWUDVWLQJJHRORJ\5DWHVZHUH
GHWHUPLQHGYLDGLUHFWLQVLWXPHDVXUHPHQWV'DWDDUHPHDQVVWDQGDUGHUURU
 'HQLWULILFDWLRQ5DWHPPRO1PK
6LWH/DEHO 6LWH *HRORJ\
&OD\  &OD\ 
6DQG  6DQG 
&KDON  &KDON 



6XSSOHPHQWDU\)LJXUHV
)LJXUH63K\ORJHQ\RIhzoQXFOHRWLGHJHQHVHTXHQFHVDDQGXQLTXHDPLQRDFLG
VHTXHQFHVE7UHHVZHUHFRQVWUXFWHGXVLQJ0D[LPXP/LNHOLKRRGPHWKRGVIURPWKH
PRVWDEXQGDQW278VZKLFKUHSUHVHQWRIDOOVHTXHQFHVUHFRYHUHGVHH0HWKRGV
%UDQFKOHQJWKVUHIOHFWWKHQXPEHURIVXEVWLWXWLRQVSHUVLWH%RRWVWUDSYDOXHV!DUHVKRZQ
3LHFKDUWVVKRZUHODWLYHGLVWULEXWLRQDFURVVFKDON\HOORZVDQGEOXHDQGFOD\UHG
VHGLPHQWVRIVHTXHQFHVDVVLJQHGWR278VZLWKLQHDFKFODGH3HUFHQWDJHVLQEUDFNHWVVKRZ
WKHWRWDOSHUFHQWDJHRIVHTXHQFHVDVVLJQHGWR278VZLWKLQHDFKFODGHIRUHDFKJHRORJ\
5HSUHVHQWDWLYHFORVHVWUHODWLYHVE\'1$VHTXHQFHLGHQWLW\%/$67QDUHVKRZQ
a
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)LJXUH63URGXFWLRQRI11IROORZLQJDGGLWLRQRI1+WRR[LFVOXUULHVRIFKDON
JUDYHOVDVDQGVEDQGFOD\VF%R[SORWVVXPPDULVHDOOGDWDZLWKWKHLQWHUTXDUWLOH
UDQJHPLQLPXPDQGPD[LPXPPHGLDQDQGRXWOLHUVUHSUHVHQWHGE\WKHER[ZKLVNHUV
KRUL]RQWDOOLQHDQGFURVVHVUHVSHFWLYHO\'DWDIURPLQFXEDWLRQVFRQWDLQLQJPHDVXUDEOH
12FRYHUOD\WKHER[SORWV%ODFNFLUFOHVDUHLQFXEDWLRQVZKHUH1ODEHOOLQJRISURGXFHG
1ZDVZLWKLQWKHSUHGLFWHGDQDPPR[DQGGHQLWULILFDWLRQHQGPHPEHUVn=DQGIRUFKDON
DQGVDQGUHVSHFWLYHO\*UH\FLUFOHVUHSUHVHQWLQFXEDWLRQVZKHUHSURGXFHG1ZDV1
HQULFKHGUHODWLYHWRWKHHQGPHPEHUVn=IRUERWKFKDONDQGVDQG



)LJXUH63RUHZDWHUR[\JHQYDULHV LQ VHGLPHQWVRIGLIIHULQJSHUPHDELOLW\&LUFOHV DUH
PHDVXUHPHQWVSHUIRUPHGRQSRUHZDWHUUHFRYHUHGIURPVDQGVEOXHRUFKDONJUDYHOV\HOORZ
ZLWK D GHSWK UHVROXWLRQ RI DSSUR[LPDWHO\ FP XVLQJ PLQLSUREHV 7KH GDVKHG OLQH LV WKH
DYHUDJHR[\JHQFRQFHQWUDWLRQRIFOD\SRUHZDWHUUHFRYHUHGYLDUKL]RQVDPSOHUVZLWKDFP
VFUHHQHGLQWHUYDO7KHVKDGHGDUHDLVWKHGHSWKRI2SHQHWUDWLRQLQFOD\VGHWHUPLQHGZLWKD
PLFURSURILOHU



)LJXUH6*UDGLHQWVRISRUHZDWHUFKHPLVWU\ZLWKLQULYHUEHGVRIGLIIHUHQWSHUPHDELOLW\
DVGHWHUPLQHGWKURXJKSULQFLSDOFRPSRQHQWVDQDO\VLV'DWDDUHVKRZQLQDFRUUHODWLRQEL
SORWDQGZHUHVFDOHGDQGFHQWUHGGXULQJWKHDQDO\VLV3ULQFLSDOFRPSRQHQWVDQGDFFRXQWHG
IRU  DQG  RI WKH YDULDQFH UHVSHFWLYHO\ $UURZV DUH YHFWRUV UHSUHVHQWLQJ FKHPLFDO
YDULDEOHV653DQG)H,,GHQRWHVROXEOHUHDFWLYHSKRVSKRUXVDQGLURQ,,UHVSHFWLYHO\DQG
FLUFOHV DUH VFRUHV IURP LQGLYLGXDO VDPSOHV IURP FOD\ UHG VDQG EOXH DQG FKDONJUDYHO
GRPLQDWHGULYHUEHGV



)LJXUH67HPSRUDOGLVWULEXWLRQRIDQDPPR[DFWLYLW\LQULYHULQHVHGLPHQWV'DWDDUH
IURPVSULQJVXPPHUDXWXPQDQGZLQWHUILHOGFDPSDLJQVFLUFOHVVTXDUHVWULDQJOHVDQG
GLDPRQGVUHVSHFWLYHO\7KHVXPPHUGDWDVKRZQKHUHDUHWKHIRFXVRIWKHPDQXVFULSW
KRZHYHURYHUDOOSDWWHUQVLQWKHFRQWULEXWLRQRIDQDPPR[WR1SURGXFWLRQDUHFRQVLVWHQW
WKURXJKRXWWKHVHDVRQVFKDON\HOORZ!VDQGEOXH!FOD\UHG7KHUHLVQRGDWDIURPRQH
ULYHUVDQGLQDXWXPQDQGWZRULYHUVVDQGFKDONLQZLQWHUDVIORRGLQJSUHYHQWHGVDIH
DFFHVVWRWKHVLWHV
 


6XSSOHPHQWDU\GLVFXVVLRQ$QDO\VLVRIhzoJHQHVHTHXQFHV
7KHDQDPPR[IXQFWLRQDOhzo JHQHZDVVHTXHQFHG!PLOOLRQVHTXHQFHVFOXVWHUHG
LQWR278VVLPLODULW\ZLWKDQDYHUDJHRIUHDGVSHUVDPSOH3K\ORJHQHWLF
DQDO\VLVRIhzoUHYHDOHGIRXUFODGHV&ODGH,,9)LJXUH6DWKDWGLIIHUHGLQWKHLUUHODWLYH
GLVWULEXWLRQVEHWZHHQ WKH WKUHHJHRORJLHV ,QJHQHUDORXUhzo VHTXHQFHVZHUHGLVWLQFW IURP
NQRZQ hzo VHTXHQFHV %/$67Q 7DEOH 6  )RU H[DPSOH &ODGH , KDG RQO\  
VHTXHQFH LGHQWLW\ WR XQFXOWXUHG DQDPPR[ EDFWHULXP FORQHV IURP PDQJURYH DQG HVWXDU\
VHGLPHQWV ZKLOVW 278V   DQG  ZHUH PRUH UHODWHG WR hzo VHTXHQFHV IURP DQ
XQFXOWXUHG DQDPPR[EDFWHULXPFORQH IURP WKH<DQJW]H5LYHU'HOWD  7DEOH6278V LQ
&ODGH,,ZHUHOHVVGRPLQDQWLQFOD\VVKDULQJLGHQWLW\ZLWKFORQHVIURPJURXQGZDWHU
DQGIRU&ODGH,,,ZHUHUHFRYHUHGIURPFKDONULYHUVWKDWFRPSULVHGRIWRWDOFKDON
VHTXHQFHV )LJXUH6278V   DQG  LQ&ODGH ,,, KDG  VHTXHQFH
LGHQWLW\ WRDQXQFXOWXUHGDQDPPR[EDFWHULXPFORQH 7DEOH6 IURP WKH'RQJMLDQJ5LYHU
6RPHRI&ODGH,9VHTXHQFHVZHUHIURPFKDONULYHUVFRPSULVLQJRIWRWDOFKDON
VHTXHQFHVZKLFKVKDUHGLGHQWLW\WRDULSDULDQVRLODQDPPR[FORQH6HLQH(VWXDU\
7DEOH62XUULYHUVHGLPHQWVVKRZDEURDGGLYHUVLW\RIhzoVHTXHQFHVZKLFKDUHGLVWLQFW
IURPNQRZQORZGLYHUVLW\hzoVHTXHQFHVIURPPDULQHVHGLPHQWV)LJXUH6
7KH  XQLTXH hzo QXFOHRWLGH 278 VHTXHQFHV \LHOGHG  XQLTXH DPLQR DFLG
VHTXHQFHV )LJXUH 6 ZLWK ERWK VHWV RI VHTXHQFHV EHLQJ PRUH FORVHO\ UHODWHG WR hzo
VHTXHQFHVIURPCa$QDPPR[RJOREXVCa%URFDGLDDQGCa-HWWHQLDUDWKHUWKDQPDULQHCa
6FDOLQGXDVSHFLHV)LJXUH6
 


6XSSOHPHQWDU\PHWKRGRORJ\
'HVFULSWLRQRIVLWHV
1LQHULYHUVLQWKH+DPSVKLUH$YRQFDWFKPHQWZHUHWKHIRFXVRIWKLVVWXG\7DEOH60XFK
RIWKH+DPSVKLUH$YRQFDWFKPHQWFRQVLVWVRISHUPHDEOHFKDONIURPWKH8SSHU&KDON
IRUPDWLRQXQGHUODLQE\OHVVSHUPHDEOH8SSHU*UHHQVDQGDQGLPSHUPHDEOH*DXOWFOD\
IRUPDWLRQV6L]HDEOHRXWFURSVRI*UHHQVDQGRFFXULQWKHQRUWKDQGZHVWRIWKHFDWFKPHQW
ZKLOVWRXWFURSVRIFOD\DUHUHVWULFWHGWRDVLQJOHUHJLRQDUHDOH[WHQW§DQGRIWRWDO
FDWFKPHQWDUHDIRUJUHHQVDQGDQGFOD\:HVHOHFWHGWKUHHULYHUVZLWKLQVXEFDWFKPHQWVRI
SUHGRPLQDQWO\RQHJHRORJ\WRLQYHVWLJDWHDQDPPR[DFWLYLW\DFURVVDJUDGLHQWRIULYHUEHG
SHUPHDELOLW\,QWKH8SSHU&KDONWKHVHZHUHWKH5(EEOH5:\O\HDQG5$YRQHDVW
EUDQFKDW5XVKDOO,QWKH*UHHQVDQGWKHULYHUVVDPSOHGZHUHWKH1DGGHUDQG$YRQZHVW
EUDQFKDW0DUGHQDQG5XVKDOODQGLQWKHFOD\LPSHUPHDEOHWKH56HPDQGWZRRILWV
WULEXWDULHVZHUHLQFOXGHG6RPHRIWKHULYHUVZHUHVWRUGHUVWUHDPVHJWKHWULEXWDULHVRIWKH
6HPZKLOVWRWKHUVZHUHQGRUUGRUGHU$WWKHWLPHRIVDPSOLQJULYHUZLGWKVZHUHPDQG
GHSWKVPRQDYHUDJHDQGGLVFKDUJHZDVSULPDULO\EDVHIORZ/DQGXVHZLWKLQWKHULYHU
VXEFDWFKPHQWVLVSUHGRPLQDQWO\DJULFXOWXUDODUDEOHJUDVVODQGGDLU\IDUPLQJEXWLQFOXGHV
VRPHVPDOOYLOODJHVWRWDOFDWFKPHQWDUHDDQGSDWFKHVRIIRUHVW

0HDVXUHPHQWRIDQDPPR[DFWLYLW\V\QWKHWLFULYHUZDWHU
:H ZHUH QRW DEOH WR XVH ULYHU ZDWHU IURP RXU VWXG\ VLWHV WR SUHSDUH VOXUULHV DV VWDQGDUG
PHWKRGV IRU GHWHUPLQDWLRQ RI DQDPPR[ DQG GHQLWULILFDWLRQ SRWHQWLDO UHTXLUH DOO DPELHQW
12FWREHUHPRYHGSULRUWRWKHH[SHULPHQW,QWKH+DPSVKLUH$YRQFDWFKPHQWDPELHQW
QLWUDWHFRQFHQWUDWLRQVDUHYHU\KLJKHJP0LQFOD\EDVHGULYHUVDQGP0LQ
SHUPHDEOH ULYHUV XQSXEOLVKHGGDWD7KH OHQJWKRISUHLQFXEDWLRQ UHTXLUHG WR UHPRYH VXFK
ODUJH DPRXQWV RI 12 IURP WKH VOXUU\ ZRXOG OLNHO\ DOWHU WKH PLFURELDO FRPPXQLW\ DQG


DYDLODELOLW\RIVXEVWUDWHVHJODELOHFDUERQ,QVWHDGZHXVHV\QWKHWLFULYHUZDWHUDVSHUWKH
PHGLD LQ 6PDUW DQG %DUNR DV VOXUU\ ZDWHU DQG WUDFHU PDWUL[ LQ SRWHQWLDO DQG in situ
PHDVXUHPHQWV UHVSHFWLYHO\ )RU ERWK W\SHV RI H[SHULPHQWVZH DGG FDUERQDWH WR WKHPHGLD
aP0DQGaP0ILQDOGLVVROYHGLQRUJDQLFFDUERQFRQFHQWUDWLRQIRUFOD\VDQGVDQGVDQG
FKDONV UHVSHFWLYHO\ DGMXVWLQJ WKH S+ EDFN WR aZLWK GLOXWH+&O LI QHFHVVDU\ WR EHWWHU
UHSUHVHQWWKHULYHUVVWXGLHG)RUin situPHDVXUHPHQWV.&OLVDOVRDGGHGILQDOFRQFHQWUDWLRQ
P0IRUXVHDVDFRQVHUYDWLYHWUDFHU

&DOFXODWLRQVIRUDFWLYLW\PHDVXUHPHQWV
&RQYHUWLQJ UDZPDVV VSHFWURPHWHU VLJQDOV WR FRQFHQWUDWLRQV ,QGLYLGXDOPDVV VSHFWURPHWHU
VLJQDOV IURP1 DQDO\VLV LHPDVVWRFKDUJH UDWLR     RU ZHUH DGMXVWHG IRU GULIW
DVVXPLQJOLQHDUFKDQJHVEHWZHHQVWDQGDUGVDWWKHEHJLQQLQJDQGHQGRIDEDWFKRIVDPSOHV
W\SLFDOO\'ULIWFRQWUROVWDQGDUGVFRQVLVWHGRIWKHVDPHPDWUL[DVVDPSOHVLHR[\JHQIUHH
QLWURJHQIRUDQR[LFVOXUULHVDLUIRUR[LFVOXUULHVRUKHOLXPRYHUDLUHTXLOLEUDWHGZDWHUIRUFRUH
RU SRUHZDWHU VDPSOHV DQG ZHUH DQDO\VHG DW OHDVW HYHU\  VDPSOHV &RUUHFWHG PDVV
VSHFWURPHWHU VLJQDOV ZHUH FRQYHUWHG WR H[FHVV DTXHRXV 1 RU 1 FRQFHQWUDWLRQV
FRPELQDWLRQVRI11DQG11UHVSHFWLYHO\DIWHUFRUUHFWLRQIRUGULIWDVIROORZV

:KHUHxFDQEH1RU1mN2LVWKHDUHDIURPPDVVWRFKDUJHUDWLRRUȈN2LVWKH
VXPRIDOODUHDVLHPDVVWRFKDUJHUDWLRĮLVWKHFDOLEUDWLRQIDFWRUPPROHV
1YLDOȈN2 IRU LQLWLDOGULIWFRQWUROVWDQGDUGDQGVV LV WKHYROXPHRIZDWHU LQWKHYLDO/
YLDOµ6DPSOH¶UHIHUVWRDWUHDWPHQWZLWK1DGGHGZKLOVWµUHIHUHQFH¶GHQRWHVDVDPSOHWR
ZKLFKQR1ZDVDGGHGRULQWKHFDVHRIin situPHDVXUHPHQWVDVDPSOHWDNHQSULRUWRWKH
  
 
 
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12 LQMHFWLRQ )RU VOXUULHV H[FHVV DTXHRXV FRQFHQWUDWLRQVZHUH FRQYHUWHG IXUWKHU WR WKH
WRWDODPRXQWRI1RU1SURGXFHGSHUJUDPRIGU\VHGLPHQW

ZKHUHVaq DQGVh/sp DUH WKH YROXPH / RI WKH DTXHRXV SKDVH DQG KHDGVSDFH RI WKH VOXUU\
UHVSHFWLYHO\[xN2]aqLVWKHDTXHRXVFRQFHQWUDWLRQRI1RU1IURPHTXDWLRQ[xN2]h/spLV
WKH FRQFHQWUDWLRQ RI 1 RU 1 LQ WKH KHDGVSDFH DQG ZDV FDOFXODWHG XVLQJ WKH %XQVHQ
VROXELOLW\FRHIILFLHQW IRU1DQGWKHDTXHRXVFRQFHQWUDWLRQIURPHTXDWLRQMs LV WKHGU\
ZHLJKWRIVHGLPHQWLQWKHVOXUU\J7RH[SUHVVSURGXFWLRQRI1ODEHOOHG1LQWHUPVRI1
WKHIROORZLQJHTXDWLRQZDVXVHG

ZKHUHPDQGPDUHWKHSURGXFWLRQRI1RU1IURPHTXDWLRQVRU9DOXHVH[SUHVVHG
DVPPRO/RUPPROJZHUHFRQYHUWHGWRUDWHVE\LGLYLGLQJWKHYDOXHE\WKHLQFXEDWLRQ
WLPH ZKHQ VDPSOHV FRQVLVWHG RI D 7ILQDO DQG D UHIHUHQFH VDPSOH RU LL SORWWLQJ GDWD DV D
IXQFWLRQRILQFXEDWLRQWLPHDSSO\LQJDWUHQGOLQHWRWKHOLQHDUSRUWLRQRIWKHWLPHVHULHVDQG
HQWHULQJWKHUHVXOWDQWVORSHVbLQWRHTXDWLRQ
$QDPPR[DQGGHQLWULILFDWLRQSRWHQWLDOLQDQR[LFVOXUULHV7RWDODQDPPR[DQGGHQLWULILFDWLRQ
SRWHQWLDOAWRWDODQGDWRWDOUHVSHFWLYHO\DQGWKHFRQWULEXWLRQRIDQDPPR[WR1SURGXFWLRQLQ
VOXUULHVDPHQGHGZLWK12ZDVFDOFXODWHGDVIROORZV
 
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 
:KHUH LVWKHSURSRUWLRQRI1LQWKHQLWUDWHSRRORIWKHVOXUU\ LHWKHVDPHDV
1ODEHOOLQJ RI WKH WUDFHU DV DOO 12Ȥ ZDV UHPRYHG LQ WKH SUHLQFXEDWLRQ $QDPPR[
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SRWHQWLDOVSORWWHGLQ)LJXUHDZHUHFDOFXODWHGYLDHTXDWLRQDQGPXOWLSOLHGE\WRFRQYHUW
QPRO1WRQPRO1
&RQWULEXWLRQRIDQDPPR[DQGGHQLWULILFDWLRQ WR1SURGXFWLRQ LQR[LFVOXUULHV:H LQLWLDOO\
LQWHQGHG IRURXUR[LF LQFXEDWLRQVZLWK 1+ WREHDQLWULILFDWLRQDVVD\ZKHUH WKH UDWHRI
12ȤSURGXFWLRQZRXOGEHUHSUHVHQWDWLYHRIQHWQLWULILFDWLRQ:HDQDO\VHGWKHKHDGVSDFHRI
WKHR[LFVOXUULHVIRU11H[SHFWLQJWRILQGQR1RU1DVSHURXUSUHYLRXVVWXGLHVLQ
OHVVUHDFWLYHVHGLPHQWVXQSXEOLVKHGGDWDEXWseeVWXG\UHSRUWHGLQUHI7RRXUVXUSULVH
KRZHYHU ZHPHDVXUHG FOHDU SURGXFWLRQ RI 1 DQG VRPHPLQRU SURGXFWLRQ RI 1 LQ DOO
VDPSOHV 7R HVWLPDWH DQDPPR[ DQG GHQLWULILFDWLRQ SRWHQWLDO XVLQJ HTXDWLRQV  DQG 
GHQLWULILFDWLRQPXVWEHWKHRQO\SDWKZD\WKDWFDQSURGXFH1UHI,QRXUR[LFVOXUULHV
ZH GHOLEHUDWHO\ DGGHG 1+ DQG WKHUHIRUH WKLV DVVXPSWLRQ FDQQRW EH PHW DV DQDPPR[
FRXOGDOVRSURGXFH1R[LGDWLRQRI1+DQGUHGXFWLRQRIQLWULILFDWLRQGHULYHG12Ȥ
7RDSSRUWLRQ1SURGXFWLRQWRDQDPPR[RUGHQLWULILFDWLRQZHFRPSDUHGWKH1ODEHOOLQJRI
WKHSURGXFHG1 WR WKH1ODEHOOLQJRI1SUHGLFWHGWREHSURGXFHGVROHO\E\DQDPPR[RU
GHQLWULILFDWLRQLQDPL[LQJPRGHODVIROORZV
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&RQWULEXWLRQRIDQDPPR[SURSRUWLRQ    
NP N anammox
N denitrification N anammox
F F
F F
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ZKHUH  LV WKHSURSRUWLRQRI 1 LQ WKH12ȤSRRODVGHWHUPLQHGE\ WKHVXOSKDPLFDFLG
DVVD\DQG  LV WKHSURSRUWLRQRI 1 LQ WKH1+SRROHVWLPDWHGE\ WKH LQFUHDVH LQ WKH
DPPRQLXPFRQFHQWUDWLRQRIWKHVOXUU\IROORZLQJDGGLWLRQRIWKHWUDFHU7KHDVVXPSWLRQ
WKDW 1ODEHOOLQJRI1SURGXFHGVROHO\ WKURXJKGHQLWULILFDWLRQ LVHTXDO WR WKDWRI WKH12Ȥ
SRROLHHTXDWLRQLVIXQGDPHQWDOWRWKHLVRWRSHSDLULQJWHFKQLTXH7KHGLVWULEXWLRQRI
LVRWRSHVZLWKLQ1SURGXFHGYLDDQDPPR[DVVXPHVUDQGRPSDLULQJRIRQH1+1DQGRQH
12Ȥ1 ZKHUH WKH SUREDELOLW\ RI 1 1 RU 1 IRUPDWLRQ DQG FDQ EH SUHGLFWHG DV
IROORZV

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
8VH HTXDWLRQVWRWRDSSRUWLRQ1SURGXFWLRQWRDQDPPR[RUGHQLWULILFDWLRQUHTXLUHV
WKH 1ODEHOOLQJ RI WKH 1+ 12F DQG 1 SRROV WR EH NQRZQ ,Q RXU H[SHULPHQW
EDFNJURXQGFRQFHQWUDWLRQVRI12FZHUH ORZ 7DEOH6DQGQLWULILFDWLRQ VXSSOLHG12F WR
WKH VHGLPHQWV ,I FRXSOLQJ EHWZHHQ QLWULILFDWLRQ DQG1 SURGXFWLRQ LV WLJKW 12F PD\ QRW
DFFXPXODWHLQWKHEXONSRUHZDWHUDVZDVWKHFDVHIRUWKHPDMRULW\RIRXUVOXUULHVRXWRI
 +HUH DV QLWULILFDWLRQ OLNHO\ FUHDWHV DOO 12F  DQG  PXVW EH HTXDO DQG WKH
FRQWULEXWLRQ RI DQDPPR[ DQG GHQLWULILFDWLRQ WR 1 SURGXFWLRQ FDQQRW EH GHWHUPLQHG
6LPLODUO\ WR DSSRUWLRQ1SURGXFWLRQ WRHLWKHU DQDPPR[RUGHQLWULILFDWLRQXVLQJ WKHDERYH
HTXDWLRQV WKH ODEHOOLQJ RI WKH SURGXFHG1PXVW IDOO EHWZHHQ WKH WZR HQGPHPEHUV ,Q RXU
H[SHULPHQWVOXUULHVWKDWFRQWDLQHGPHDVXUDEOH12FIDLOHGWKLVFULWHULDDVWKHSURGXFHG1
ZDVPRUHHQULFKHGLQ1WKDQHLWKHURIWKHHQGPHPEHUV+HWHURJHQHLW\LQWKH1FRQWHQWRI
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UHDFWDQWVDQGSURGXFWVKDVSUHYLRXVO\EHHQDWWULEXWHGWRLQWHUQDOVKXQWLQJRIQLWULWHEHWZHHQ
UHDFWLRQSDWKZD\VZLWKRXWPL[LQJZLWKWKHEXONQLWULWHSRRO
(VWLPDWLQJin situDQDPPR[DQGGHQLWULILFDWLRQDFWLYLW\5DWHVRIDPELHQW1SURGXFWLRQZHUH
TXDQWLILHG ZLWK WKH UHYLVHGLVRWRSH SDLULQJ WHFKQLTXH ZKLFK XVHV WKH UDWH RI 11
SURGXFWLRQDQG  EXWH[SUHVVHGDVrsee EHORZ WRHVWLPDWHJHQXLQH1SURGXFWLRQ
IURPDPELHQW12x

ZKHUHrLVWKHUDWLRRI1WR1ZLWKLQWKHDYDLODEOHQLWUDWHSRRO:HXVHGWKHUDWLRRI1
WR 1 LQ12SURGXFHG IROORZLQJ WKH DGGLWLRQ RI 12  DV D SUR[\ IRU r DV12 LV DQ
LQWHUPHGLDWH RI GHQLWULILFDWLRQ EXW QRW DQDPPR[ DQG WKHUHIRUH r12 UHIOHFWV WKH 1
ODEHOOLQJRIWKH12ȤSRROEHLQJUHGXFHG

ZKHUH12DQG12DUHDUHDVIRUPDVVWRFKDUJHUDWLRDQGUHVSHFWLYHO\DQGȈ12
LVWKHVXPRIDOODUHDVLHPDVVWRFKDUJHUDWLR7RGHWHUPLQHWKHFRQWULEXWLRQ
RIDQDPPR[WR1SURGXFWLRQFDOFXODWHGYLDHTXDWLRQZHFRPSDUHGWKH1ODEHOOLQJRI
WKH12DQG1SURGXFHGIROORZLQJDGGLWLRQRI12DVIROORZV
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ZLWK DVSHUHTXDWLRQ$PELHQWUDWHVRIDQDPPR[ZHUHFDOFXODWHGE\PXOWLSO\LQJWKH
DPELHQWUDWHRI1SURGXFWLRQE\WKHFRQWULEXWLRQRIDQDPPR[DVDSURSRUWLRQHTXDWLRQV
DQG  UHVSHFWLYHO\ $PELHQW UDWHV RI GHQLWULILFDWLRQ ZHUH WKH GLIIHUHQFH EHWZHHQ WRWDO
DPELHQW 1 SURGXFWLRQ HTXDWLRQ  DQG DPELHQW DQDPPR[ )RU VHGLPHQW FRUH GDWD
YROXPHWULFUDWHVZHUHFRQYHUWHGWRDUHDOUDWHVLHIURPPPRO1/KRPRJHQLVHGFRUHKWR
PPRO 1 P ULYHUEHG K E\ VFDOLQJ XS ZLWK WKH GLPHQVLRQV RI WKH FRUH 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